Rationale and Objectives-To investigate the diagnostic accuracy of ultrasound histogram features in the quantitative assessment of radiation-induced parotid gland injury and to identify potential imaging biomarkers for radiation-induced xerostomia (dry mouth)-the most common and debilitating side effect after head-and-neck radiotherapy (RT).
In the clinic, radiation-induced xerostomia is assessed using patient-based or physicianbased grading systems. For example, the Radiation Therapy Oncology Group (RTOG) and the European Organization for Research and Treatment of Cancer (EORTC) established a morbidity scale to evaluate post-RT salivary glands. Specifically, salivary gland toxicity was divided into two categories: acute (≤3 months after RT) toxicity and late (>3 months after RT) toxicity. Physicians assign a score of grade 1 (slight dryness) to grade 4 (necrosis or fibrosis) for acute or late salivary toxicity (8) . Such subjective measures of radiation toxicity are prone to intraobserver and interobserver variability. In recent years, many groups have been investigating imaging technologies to evaluate parotid gland injury induced by radiation. Studies using computed tomography (CT), magnetic resonance imaging (MRI), MR sialography, and single-photon emission computed tomography scintigraphy have shown some degree of success in assessing the severity of parotid gland injury and documenting normal tissue response to RT (9) (10) (11) (12) (13) (14) (15) (16) (17) . However, the high cost, the technical complexity, and the need for dedicated imaging expertise (CT, MRI, or nuclear medicine) preclude their use in routine clinical assessment of xerostomia.
The concept of ultrasound imaging to evaluate parotid gland injury is especially attractive because ultrasound is safe, portable, widely available, easy to use, and cost effective. In particular, because parotid glands are superficial structures wrapping around the mandible, they are readily amenable to ultrasound examination. Ultrasound, therefore, is the standard imaging modality in the assessment of salivary gland diseases such as neoplasms, Sjogren syndrome, sialadenitis, and sialolothiasis. However, there is limited information in the literature about evaluation of radiation-induced parotid gland injury or xerostomia using ultrasound (9) . Previously, we have proposed an ultrasound technology based on quantitative analysis of echo-intensity histogram to assess RT-associated parotid gland injury (18) . A family of sonographic features was derived from the echo histogram to quantify the echogenicity and heterogeneity of parotid glands, which is used to assess the morphologic and architectural integrity of post-RT parotids. In a pilot study of 12 patients, we demonstrated the clinical feasibility of using these echo histogram features in evaluating parotid gland toxicity after RT (18) .
Another appealing factor of ultrasound histogram evaluation of RT-related parotid gland toxicity is that it could eliminate variations in subjective radiologic interpretations of ultrasound images. To further explore this ultrasound technology in the evaluation of RTinduced parotid gland injury, we embarked on this clinical study. The primary objective was to determine the diagnostic accuracy of echo-intensity histogram parameters in the assessment of RT-induced parotid gland injury. In addition, we compared the quantitative ultrasound examination with radiologists' evaluation of acute and late toxicities of RT to parotid glands. Special emphasis was placed on acute toxicity for patients within 3 months of cancer treatment. We want to emphasize the importance of developing safe and easy ultrasound technology to detect acute toxicity because early detection of parotid gland injury could enable early interventions to minimize long-term morbidity.
MATERIALS AND METHODS

Study Population
The study was approved by our institutional review board and in compliance with the Health Insurance Portability and Accountability Act. The eligibility criteria for post-RT patients included 1) patients aged ≥18 years; 2) biopsy-confirmed histologic diagnosis of squamous cell carcinoma of oropharynx, hypopharynx, larynx, or patients with unknown primary tumor with unilateral metastases to neck lymph nodes; 3) radiation volume ≥80% of major salivary glands (parotids) and ≥27 Gy delivered to parotid glands; 4) no salivary gland malignancy; 5) no salivary gland disease, for example, Sjogren syndrome; and 6) clinically confirmed xerostomia based on the RTOG/EORTC acute-and late-toxicity scoring scheme. We have also enrolled a normal control group, and the eligibility criteria for healthy volunteers included 1) participants aged ≥18 years; 2) no prior RTor surgery to head and neck for any reason; 3) no prior malignancies or chemotherapy; 4) no salivary gland malignancy; and 5) no salivary gland disease, for example, Sjogren syndrome.
We stratified our post-RT patients into the acute-toxicity and late-toxicity groups. In general, radiation toxicity is divided into two categories: acute (early) and chronic (late) toxicity (19) . Acute toxicity is defined as toxicity occurring within the first 3 months of treatment completion, whereas late toxicity is defined as toxicity occurring beyond 3 months after treatment. RT-induced salivary injury is a complex process and evolves through phases (8) . During the early course of RT (often 4-6 weeks), most patients may experience acute salivary gland swelling and pain. A reduction in salivary function can begin within 1 week of RT and usually persists afterward (20) . For some patients, salivary function gradually recovers within 1-2 years after RT. And for others, acute salivary toxicity may progress to chronic radiation-induced sialadenitis and fibrosis.
Ultrasound Imaging Protocol
As described in previous reports, we established a standardized protocol for ultrasound scanning to facilitate quantitative evaluation of parotid glands (18, 21) . In brief, ultrasound studies were performed using a clinical scanner (SonixTouch; Ultrasonix, British Columbia, Canada) with a linear array transducer (L14-5/38 probe, 128 elements). All ultrasound Bmode images were acquired with the same settings: 10-MHz center frequency, 1.00-cm focal length, 3-cm depth, 72% gain, 31 frames per second, and 80-dB dynamic range. The standard B-mode image consists of 256 levels in gray scale.
Each participant underwent one ultrasound study of the bilateral parotid glands. All participants were scanned in the upright seated position, and longitudinal (vertical) ultrasound scans were performed on the bilateral parotids. During the ultrasound scan, a thin layer of ultrasound gel was used to ensure good coupling between the face and the ultrasound probe. The probe was placed perpendicular to the scan surface with minimal pressure applied to the face.
Echo-intensity Histogram Analysis of the Parotid Gland Ultrasound Image
The sonographic features were derived from the echo-intensity histograms to quantitatively characterize the integrity of the parotid glands. The echo histogram presents a graphical distribution of the pixel intensities within the region of interest. All parotid glands were contoured by a radiologist (S.T.). In a previous study, we have shown that interobserver and intraobserver agreement was excellent in contouring parotids (18) . The echo-intensity histograms and sonographic features used to assess radiation damage to the parotid glands were generated by in-house signal processing software written in MatLab (Mathworks, Natick, MA).
As described in the previous article (18) , six sonographic features were computed from the histogram to provide additional quantification of the echogenicity and heterogeneity of the parotid glands (Fig 1) . These can be summarized briefly as follows: The I peak is the peak intensity value of the histogram. W-3 dB is the −3 dB intensity width of the histogram. W low and W high capture the width of the low-intensity (<50% I peak ) and the high-intensity (>50% I peak ) portions of the histogram, respectively. A low and A high characterize the area under the low-intensity and high-intensity portions of the curve. These sonographic features provide quantitative measures of the echogenicity (I peak ), homogeneity (W -3 dB ), and heterogeneity (W low , W high , A low , and A high ) of parotid glands. All histograms are normalized to the peak intensity I peak . In other words, all probability distribution is divided by the maximum probability value at I peak.
Subjective Radiologic Evaluation
An experienced radiologist (S.T. with over 10 years' experience), blinded to the ultrasound histogram findings, retrospectively evaluated all the ultrasound images and classified the echogenicity of the glands as hypoechoic (lower intensity), isoechoic, or hyperechoic (higher intensity) to adjacent musculature. The echotexture heterogeneity was assessed and classified as mild, moderate, or severe heterogeneity.
Statistical Analysis
Radiologic evaluations of the echogenicity and heterogeneity were compared using the chisquared test among various groups. Analysis of variance, Kruskal-Wallis test, or Wilcoxon rank sum test were used to compare each of the six sono-graphic features among various groups.
The predictive discriminatory powers on patient's toxicity status of the six sonographic features were further analyzed with receiver operating characteristic (ROC) analysis (22) . The ability of these sonographic features to predict toxicity status was determined using ROC curves and measuring the area under the curve (AUC). Whether the AUCs of ROC curves were different from 0.5, which means no ability to predict toxicity, was tested with chi-squared tests. An AUC value between 0.8 and 0.9 indicates good accuracy, and an AUC between 0.9 and 1 indicates excellent accuracy in a diagnostic test. The diagnostic accuracy of a sonographic feature was measured by calculating its sensitivity and specificity. The cutoff value in the ROC curves was estimated while maximizing both sensitivity and specificity. The significance levels were set at .05 for all tests. The SAS statistical package V9.3 (SAS Institute, Inc., Cary, NC) was used for all data analysis.
RESULTS
A total of 47 subjects, consisting of 34 post-RT patients and 13 healthy volunteers, were included in this study. The control group consisted of 13 healthy volunteers (age, 51 ± 11 years). All enrolled patients had received IMRT for head-and-neck malignancies and were clinically diagnosed with grade 1 or grade 2 salivary gland toxicity. The 34 post-RT patients were further stratified into two groups. 1) Acute-toxicity group: sixteen patients received RT for head-and-neck malignancies within 3 months (age, 62 ± 7 years; follow-up time, 1.59 ± 0.79 months). For the acute-toxicity group, the mean dose to the primary tumor was 68.1 ± 3.7 Gy, and the mean dose to the parotid glands was 40.0 ± 14.8 Gy. All patients experienced RTOG grade 1 or 2 acute salivary gland toxicity. 2) Late-toxicity group: eighteen patients received RT for head-and-neck malignancies more than 3 months before imaging (age, 61 ± 7 years; follow-up time, 20.14 ± 10.36 months). All patients in this group experienced grade 1 or 2 late salivary gland toxicity. For the late-toxicity group, the median radiation dose to the primary tumor was 67.8 ± 3.8 Gy, and the mean dose to the parotid glands was 36.3 ± 11.3 Gy. The patient and treatment characteristics-age, followup time, gender, primary tumor site, histology, stage, and chemotherapy-are summarized in Table 1 for both acute-and late-toxicity groups.
Ultrasound Images and Histograms: Individual Subjects
Three representative cases were selected, one from each group, for presentation as shown in Figure 2 .
• Normal case: This case of a 40-year-old healthy volunteer shows a normal parotid gland that appears homogeneous and has increased echogenicity relative to adjacent muscle on the ultrasound image. As described earlier, with the B-mode echo intensity ranges between 0 and 255, the histogram reveals a Gaussian (symmetric) distribution centered at the peak intensity of 79. The narrow 3-dB band-width (W -3 dB = 39) indicates relatively homogenous distribution. The area under the low-intensity portion of the curve (ie, below A low ) is 5.4, and the area under the high-intensity portion of the curve (ie, above A high ) is 8.3; whereas the width of the low-intensity portion (W low ) is 39, and the width of the high-intensity portion (W high ) is 89.
• Case with acute toxicity: This case is a 58-year-old patient who had completed RT for his laryngeal cancer 1 month before imaging. He experienced mild xerostomia and was clinically diagnosed with RTOG grade 1 acute salivary gland toxicity. On the ultrasound image, the post-RT looks less homogeneous with multiple hypoechoic areas which may be due to patches of inflammatory infiltrate. The histogram reveals a non-Gaussian distribution with a peak intensity of 30.
Compared to the normal parotid gland, the I peak shifted to the lower intensity which may be mainly due to inflammatory response (darker area in the ultrasound image). The widened 3-dB bandwidth (W -3 dB = 43) indicates relatively heterogeneous distribution. The area under the low-intensity portion of the curve (ie, below A low ) is 1.9, and the area under the high-intensity portion of the curve (ie, above A high ) is 13.0; whereas the width of the low-intensity portion (W low ) is 18, and the width of the high-intensity portion (W high ) is 179.
• Case with late toxicity: This case is a 60-year-old patient who had completed RT for laryngeal cancer 18 months before imaging. The patient experienced moderate xerostomia and was clinically diagnosed with RTOG grade 2 late toxicity of the salivary gland. On the ultrasound image, the parotid gland exhibits heterogeneous echotexture, iso-echoic relative to the adjacent muscle, with multiple hyper-echoic lines and spots interleaved with hypoechoic areas. The histogram reveals a nonGaussian distribution with a peak intensity of 65. The further widened 3-dB bandwidth (W -3 dB = 75) indicates heterogeneous distribution, which may be due to the existence of inflammatory and fibrotic areas. The area under the low-intensity portion of the curve (ie, below A low ) is 4.1, and the area under the high-intensity portion of the curve (ie, above A high ) is 7.5; whereas the width of the low-intensity portion (W low ) is 33, and the width of the high-intensity portion (W high ) is 135.
Ultrasound Images and Histograms: Average for Three Groups
Echo histograms were generated for 26 parotid glands from the normal control group, 32 from the acute-toxicity group, and 36 from the late-toxicity group. The means and standard deviations of the six features from the histograms of the normal, acute-toxicity, and latetoxicity groups along with P values are listed in Table 2 . All six sonographic features show significant difference among control, acute-, and late-toxicity groups; between the control and the acute-toxicity groups; between the control and the late-toxicity groups except for W low (P value = .404); between the control and the irradiated groups (including acute-and late-toxicity groups); and between the acute-and the late-toxicity groups. Figure 3 shows that the average parotid gland echo histograms of the acute-toxicity group and the latetoxicity group are different from that of the control group.
Subject Radiologic Evaluations of the B-mode Images of the Parotid Glands
Subjective radiologic evaluation of the echogenicity and heterogeneity is listed in Table 3 . Normal parotid glands have high echo intensity (isoechoic 38% or hyperechoic 62% to adjacent musculature); whereas the majority of post-RT glands are hypoechoic to adjacent musculature (50% among acute toxicity group and 33% among late toxicity group) or isoechoic (34% among acute-toxicity group and 47 % among late-toxicity group). The majority of normal parotid glands look homogeneous (uniform); whereas the post-RT groups show a trend toward increased heterogeneity (nonuniform). The majority of normal parotid glands are mildly heterogenous (92%), whereas the majority of post-RT groups are moderately heterogenous (47% among acute-toxicity group and 33% among late-toxicity group) or severely heterogenous (44% among acute-toxicity group and 39% among latetoxicity group). Echogenicity and heterogeneity are significantly different among control, acute-, and late-toxicity groups; between the control and the acute-toxicity groups; between the control and the late-toxicity groups; and between the control and irradiated groups (including acute-and late-toxicity groups; all P values <.001). Echogenicity and heterogeneity are similar between the acute-toxicity group and the late-toxicity group (P value, .375 for echogenicity and .144 for heterogeneity). Therefore, subjective radiologic evaluation cannot distinguish between the acute-and late-toxicity groups.
Efficiency of Histogram Features: ROC Curves
The ROC analyses to evaluate diagnostic accuracy of toxicity for the histogram parameters are summarized in 
DISCUSSION
In this study, we have investigated the diagnostic efficiency of sonographic features based on echo histograms to characterize parotid gland injury after RT. These sonographic features provide quantitative measures of the echo-intensity distributions of the parotid glands, echogenicity (I peak ), homogeneity (W -3 dB ), and heterogeneity (W low vs. W high or A low vs. A high ) of the parotid glands. Significant differences were observed in these six histogram features between the control and acute-toxicity groups, between the control and late-toxicity groups, and between the acute-and late-toxicity groups (Fig 4) . Through the ROC method, we further demonstrated the ability of histogram parameters in differentiating radiationinduced acute toxicity and late toxicity in parotid glands. Among the sonographic features, W low , W high , A low , and A high have excellent (AUC ≥ 0.90) diagnostic accuracy in differentiating parotid glands with acute toxicity from normal glands; W high and A high have excellent diagnostic accuracy in differentiating parotid glands with late toxicity from normal glands; and I peak and W low have excellent diagnostic accuracy in differentiating acute from late toxicity.
The ultrasound studies that have demonstrated changes in the sonographic appearance of parotid glands exposed to radiation are mostly qualitative, or at best, semiquantitative (23, 24) . In addition, previous studies were either on acute toxicity (24) or late toxicity (23) .
In our earlier studies (18, 21) , we demonstrated that histogram analysis could differentiate post-RT parotid glands with late toxicity from normal glands. In this study, we demonstrated significant differences in sonographic features between parotid glands with acute and late toxicities and normal parotid glands. Homogeneous echotexture was observed in normal parotid glands, whereas heterogeneous texture was observed in the parotid glands of both acute-and late-toxicity groups. For the acute-toxicity group, the heterogeneous texture of post-RT parotid glands may be due to the presence of inflammatory infiltrates, which appear as hypoechoic (dark) areas (25) (26) (27) (28) . For the late-toxicity group, the heterogeneous echotexture may be due to the presence of fibrosis, which appears as hyperechoic (bright) lines or spots (25) (26) (27) (28) . As shown in our study, physicians' subjective evaluations based on echogenicity and homogeneity of gray scale ultrasound images of the parotids were unable to distinguish between the acute-toxicity and late-toxicity groups. The echogenicity evaluation of the parotid gland is based on the comparison with the adjacent musculature. However, the adjacent muscles often receive the same dose of radiation as the parotid gland and may suffer from radiation-induced acute and late injury. For instance, the adjacent muscles may develop radiation-induced fibrosis and, therefore, may appear hyperechoic on the ultrasound scan.
The use of RT to treat head-and-neck cancer often involves radiation exposure of the parotid glands. As a result, many patients will develop xerostomia during the course of RT, a few weeks, months, or years after therapy. Xerostomia is commonly assessed through physicians' physical examination, patient-reported outcomes, and QoL instruments based on the symptoms (eg, altered taste or sensation of dryness) (29) . The lack of objective evaluation or validated matrix for the assessment of parotid gland injury has slowed knowledge and treatment development and evaluation of xerostomia (20) . We report our ultrasound study of parotid gland injury to highlight these problems and emphasize the importance of early recognition to minimize morbidity. Early detection of parotid gland injury would benefit patients by guiding physicians in modifying treatment regimen or providing early intervention.
One limitation of the sonographic histogram method is that the histogram of the images depends on many factors including time gain compensation and the nonlinear processing of the images (30) . To overcome this limitation, we performed a pilot study to determine the optimal preset. All patients were scanned with this preset to facilitate relative comparison among patients. Another approach to overcome this limitation is through rigorous calibration procedures. For example, if two different settings are used for two patients, the settings need to be recorded. A correction map needs to be generated to normalize one image to the other.
Prospective validation of these ultrasound histogram features as convenient, quantitative imaging biomarkers of parotid injury is warranted. The pattern of toxicities changes with new RT treatment regimen alone or in combination with surgery and chemotherapy compared to conventional RT. Therefore, safe and cost-effective imaging methods to define and monitor new radiation-related toxicities are, thus, important in RT. The ongoing longitudinal study will enlarge the patient database and elucidate the trajectory of toxicity development using quantitative ultrasound. In addition, the predictive utility of the imaging method is continuously being refined and validated via patient-reported symptoms such as dry mouth and pain. These ultrasound parameters may provide a useful matrix of parotid gland injury secondary to radiation. The ultrasound technology could be further developed into a low-cost imaging technique for parotid gland monitoring and assessment. Echo-intensity histogram: histogram parameters quantify the intensity distribution of the parotid gland. Average histograms of the control, acute-toxicity, and late-toxicity groups. Scattergrams 
<.001
Comparing acute-and late-toxicity groups 
TABLE 3
Radiologic Evaluation of B-mode Images of the Control, Acute-, and Late-Toxicity Groups Comparing control and acute-toxicity Groups <.001
<.001
Comparing control and late-toxicity Groups <.001
Comparing acute-and late-toxicity groups .375
.144
P≤0.05 means statistically significant. * P value is calculated by chi-squared test. 
*
Logistic regression model was used with each histogram parameter. † Cutoff value is the value of each parameter as maximizing sum of the specificity and sensitivity. ‡ P value is to examine if the area under the ROC curve (AUC) is different from 0.5 (AUC = 0.5 means the parameter has no ability to predict toxicity).
